Summary Needle longevity of conifer species is known to increase with latitude, but little is known about intraspecific variation and associated factors within a location. Chinese pine (Pinus tabulaeformis Carr.) forests were investigated to identify patterns of needle longevity at seven sites with distinctive climatic conditions along a latitudinal gradient (33-38°N) in Shaanxi province, northwest China. A demographic approach was used to quantify needle longevity as an index of entire foliage population adjusted to needle-age-specific mortality rates. There were significant differences in needle longevity of Chinese pine stands across sites and across sample plots within a site. Individual tree needle longevity ranged from 0.62 to 3.75 years for 276 samples across sites. Needle longevity increased with latitude (R 2 = 0.40, P < 0.0001), but decreased with mean January temperature (R 2 = 0.63, P < 0.0001). Foliage retention of Chinese pine stands at the regional level was generally associated with climatic variability, indicating that variation in needle longevity was primarily an environmental acclimation to low temperature in winter. Stand characteristics were closely associated with needle longevity at three sites located within the same climatic zone. Needle longevity was positively correlated with tree age (R 2 = 0.48, P < 0.0001) and stand density (R 2 = 0.26, P = 0.0015) at Huanglong and Huangling, respectively, whereas it was negatively associated with total tree height at Zhidan (R 2 = 0.50, P < 0.0001). It is concluded that, at the stand and individual tree level, intraspecific variation in needle longevity is most likely a result of adaptation to patchy microsite environments.
Introduction
Leaf longevity is closely associated with a wide array of physiological and functional attributes of plants including net photosynthesis, nutritional status and specific leaf area (Ewers and Schmid 1981 , Chabot and Hicks 1982 , Escudero et al. 1992 , Karlsson 1992 , Reich et al. 1992 , 1997 . At the stand level, foliage biomass production and leaf area index (LAI) are also proportional to leaf longevity (Gower et al. 1993b) . Because photosynthesis and numerous other important metabolic functions are performed by leaves, differences in leaf life span may contribute markedly to variation in plant life history strategies.
There has been much research on the cause and extent of variation in leaf longevity at the inter-and intraspecific levels. For example, Ewers and Schmid (1981) concluded that extended longevity in bristlecone pine (Pinus longaeva D.K. Bailey) and other North American pine species was an adaptation to arid and especially high-elevation environments. Reich et al. (1996) reported that 9-year-old Scots pine (Pinus sylvestris L.) populations ranging from 47°to 60°N in latitude and 18-year-old Norway spruce (Picea abies (L.) Karst.) populations ranging from 670 to 1235 m in elevation displayed no significant variation among populations of either species in retaining needles in a common garden experiment. Consequently, the authors suggested that extended needle retention in Scots pine and Norway spruce populations was largely an environmentally determined phenotypic acclimation. Other studies have also indicated that variation in leaf longevity is closely associated with environmental conditions (Reader 1980 , Shaver 1981 , 1983 , Karlsson 1985 .
Many investigations have explored functional relationships between leaf longevity and leaf attributes, interspecific variation in leaf longevity and evolutionary trends in leaf structure and function (Williams et al. 1989 , Rogers and Clifford 1993 , Kikuzawa 1995 , Kikuzawa and Ackerly 1999 , Reich et al. 1999 . Interspecific studies have contributed to our understanding of the adaptation and responses of leaves to different climatic and growing conditions. Intraspecific variation in leaf longevity and its close association with the foliar nutrient status have been observed (Reader 1980 , Shaver 1981 , 1983 . Environmental factors have been shown to be more important than genetic factors in accounting for intraspecific variation in leaf longevity (Reich et al. 1996) . It is unclear, however, whether environmental factors that influence intraspecific leaf longevity over a large geographic area have the same effects at a specific site. Furthermore, intraspecific variation in leaf longevity should be less than interspecific variation, especially among plants grown at the same location. Observations on maximum leaf age may be inadequate to accurately describe variation in leaf longevity at a single location, because trees in a stand may display the same amount of leaf cohorts but with different leaf age structures and dynamics. A representation of leaf longevity that can sensitively capture the response of leaf population dynamics to both macro-and microenvironments is therefore required to determine the relationships of potential factors to leaf longevity at different geographic scales.
The objectives of this study were to: (1) determine the magnitude of variation in individual tree leaf longevity of an endemic pine species along a geographic gradient in its natural distribution area; (2) determine whether there was a general pattern of leaf longevity at different scales; and (3) identify factors that had important effects on variation in leaf longevity.
Materials and methods

Study site description
Chinese pine (Pinus tabulaeformis Carr.) is widely distributed and cultivated in the temperate zone of northern China for timber and soil conservation. The species occurs naturally in 12 provinces and is the most widely distributed pine species in China except for Pinus massoniana Lamb. The productivity of Chinese pine plantations is generally low to moderate (3-8 Mg ha -1 year -1 , Feng et al. 1999) , partly because the species grows mainly in dry, mountainous areas and reaches a height of only about 25 m (Editorial Committee for Flora of China 1999). This study was performed at field sites in Shaanxi province, northwest China. The province is long (31-40°N) and narrow (107-110°E), and can be divided into three climatic zones: subtropical in the south, warm temperate in the central basin and surrounding mountainous areas, and dry temperate in the north, near the grassland zone (Lu 1949) . More than 30 soil types have been identified in the province, showing striking differences in soil formation under different climatic conditions and vegetation types (Editorial Committee for Soil of Shaanxi 1984). The diverse and distinctive environmental conditions have greatly contributed to the clear latitudinal patterns of distribution, growth and productivity of Chinese pine forests in Shaanxi province (Xiao 1987 , Zhang 1990 .
Most Chinese pine plantations were established in the province in the late 1950s and early 1960s, before provenance surveys and tree improvement programs began for this species. Therefore, seeds for plantation establishment at each location came from the local source. Climatic conditions at these research areas are characterized by a distinctive geographic pattern from southern to northern regions (Table 1) . Mean annual temperature and precipitation decrease from south to north in the province, and precipitation at each location is less than evaporation, indicating a slightly to very dry climate. Soils in the southern regions are generally brown forest soils and mountain burozem, whereas soils in the northern regions are mostly loessial or loessial sand soils (Xiao 1990) .
Unmanaged Chinese pine plantations aged from 16 to 26 years were studied. Seven field sites were selected across the three climatic zones in 1984. Environmental conditions and stand characteristics at these sites are shown in Table 2 . Fifty-five sample plots were established, ranging in size from 0.03 to 0.10 ha. These plots were selected to represent a broad range of typical Chinese pine plantations (i.e., stand age and density) at each site. Trees within a sample plot were uniform in physiognomy and were planted in the same year. Sample tree measurements started after full elongation of current-year needles in 1984. Collectively, 276 trees from the 55 plots were sampled and analyzed.
Growth measurements and branch sampling
In each sample plot, diameter at breast height (DBH) and height of all individual trees were determined. After each tree was felled, tree rings were counted from the stem base to determine tree age. Total height and height to the base of the live crown and to each subsequent whorl were recorded for each tree. From the base of the crown to the top of each tree, all branches and foliage for each whorl were cut and weighed. One large branch was randomly chosen from each whorl. All fascicles from the branch were removed, separated by age class (current-year, 1-year-old, 2-years-old, etc.), and both branches and needles were weighed to determine the biomass of branches and of each needle age class for the whorl. Branch samples and about 100 fascicles per sample branch by age class were chosen randomly, and fascicle number-biomass relations for needles were determined for each age class. All samples were weighed after oven-drying at 70 °C.
Total foliage biomass for each whorl was calculated as the product of total biomass of the whorl and the percentage of foliage biomass from the sample branch in the same whorl. Biomass for each needle age class was determined similarly as the product of total foliage biomass of the whorl and the percentage of each age class in foliage biomass from the sample 464 XIAO TREE PHYSIOLOGY VOLUME 23, 2003 branch of the whorl. Fascicle numbers by age class for each whorl were calculated as the product of a conversion factor (numbers/mass of 100 fascicles) and foliage biomass of the whorl for each needle age class. The final results for further analyses were the total fascicle numbers of individual trees by needle age class, which were summarized from all the whorls in the crowns of individual trees.
Determination of needle longevity
Needle longevity is defined as the time (years) that current-year foliage of individual trees is expected to live given the observed mortality rates. The time-specific life table technique was used for the determination of needle longevity primarily to quantify the variable as a foliage population index that can reflect foliage dynamics and leaf age structure of individual trees. This approach allows use of different mortality rates for various age groups in the estimation of life expectancy, thereby providing a more accurate estimate for the entire population (Sharitz and McCormick 1973, White 1979) . The calculation of needle longevity for individual trees followed procedures detailed in Namboodiri and Suchindran (1987) for time-specific life tables. The initial foliage population size for current-year needles was assumed to be 1000, and the size for other age classes was adjusted accordingly. When the total fascicle number of a needle age class was less than 0.1% of those produced in the current year, the age class was excluded from the calculation. Individual sample tree fascicle data were pooled by age class before the procedure to estimate needle longevity was applied. Likewise, foliage data of all sample trees per field site were pooled before needle longevity was calculated to provide a general view of needle longevity under different environmental and stand growing conditions.
Variables and statistical analyses
Variables analyzed for their influence on needle longevity were geography, topography, climate, mensuration and stand growth rate. Geographic and topographic factors included latitude, longitude, elevation and slope. Climatic factors were mean January, July and annual temperatures, annual precipitation, annual evaporation, spring aridity index and annual solar radiation. All climatic factors except spring aridity index were obtained from nearby weather stations (generally within 30 km). Temperature data for each plot were adjusted by elevation based on an adiabatic lapse rate of 0.008°C m -1 (Yao 1959) . Spring aridity index is a measure of relative aridity in spring (March through May), calculated as evaporation/precipitation recorded for the period. Mensurational and growth factors included stand age, stand density, LAI, mean stand DBH and height. These stand characteristics were measured in 1984 as described in detail by Xiao (1990) . Correlation analyses between needle longevity and all variables across regions were conducted with the SAS statistics package (1996; SAS Institute, Cary, NC). The correlation analysis within each region was conducted only between needle longevity and stand/individual tree characteristics, because other abiotic factors were generally uniform at each field site. The stand/individual tree factors were stand density, individual tree age, and individual tree DBH and height. A value of α = 0.05 was used to test significance for all correlations, unless otherwise specified.
Results
Needle longevity of Chinese pine stands differed significantly among sites (P < 0.0001) and among plots (P < 0.0001) nested within a site (Table 3) . Averaged across the seven sites, needle longevity for current-year needles ranged from 0.94 (Huangling) to 2.00 years (Shenmu) and tended to increase with latitude ( Table 4 ). The mean individual tree needle longevity varied more than the regional means, ranging from 0.62 to 3.75 years (1.49 ± 0.52).
At the regional level, needle longevity of Chinese pine stands increased with latitude (R 2 = 0.40, n = 55, P < 0.0001), though substantial variation occurred among stands within a site (Figure 1 ). Other geographic and topographic factors such as longitude, elevation and slope were not significantly related to needle longevity (Table 5) . Among climatic factors, mean January temperature was most closely associated with needle longevity (R 2 = 0.63, P < 0.0001, Figure 2 ). Other climatic variables that showed significant relationships with needle TREE PHYSIOLOGY ONLINE at http://heronpublishing.com NEEDLE LONGEVITY VARIATION 465 longevity included annual evaporation (r = 0.65, P < 0.0001), mean annual temperature (r = -0.54, P < 0.0001), annual precipitation (r = -0.53, P < 0.0001), spring aridity index (r = 0.51, P = 0.0001) and annual solar radiation (r = 0.50, P = 0.0001). The significant relationships between needle longevity and these climatic variables are probably due to the high correlation between these variables and latitude (Xiao 1987) . Among stand characteristics, needle longevity was closely associated with stand age (r = -0.45, P = 0.0005), mean stand DBH (r = -0.50, P = 0.0001) and height (r = 0.47, P = 0.0003). However, stand density and LAI were poorly associated with needle longevity across regions (Table 5 ).
466 XIAO TREE PHYSIOLOGY VOLUME 23, 2003 1 A x : Needle age (years) is the age of needles at the beginning of age class x. l x : Survivorship (number of needles per 1000) is defined as the number of needles that survive to the beginning of age class x. d x : Senescence (number of needles per 1000) is the number of needles that shed within age class x, calculated as l x -l x + 1 . q x : Mortality rate is the proportion of needles surviving to the beginning of age class x that shed within that class. L x : Stationary population (number of needles per 1000) is midpoint survivorship, a measure of the proportion of needles surviving to the midpoint of age class x, calculated as (l x + l x + 1 )/2. T x : Residual population longevity (1000 needle years) is a measure of the total number of years remaining until senescence for needles surviving to the beginning of age class x, calculated as
e x : Needle longevity (years) is the mean number of years remaining until senescence for needles surviving to the beginning of age class x, calculated as T x /l x .
At the stand and individual tree levels, needle longevity varied markedly among sample plots at the same site (Table 3) . Because of the short distances between site plots, climatic variables were relatively uniform among the plots in a region. For example, mean January temperature ranged from -5.4 to -2.9°C for Ningshan, and from -2.4 to -1.8°C for Luonan. Therefore, climatic data were excluded from single-site analyses. Instead, growth and competition factors such as individual tree height, DBH, tree age and stand density were examined for their potential relationships to needle longevity. There were negative relationships between needle longevity and DBH (r = -0.44, n = 31, P < 0.0132, Table 6 ) and total tree height (R 2 = 0.50, P < 0.0001, Figure 3a) for individual trees at the Zhidan site. There were positive relationships between needle longevity and individual tree age (R 2 = 0.48, n = 31, P < 0.0001) at the Huanglong site ( Figure 3b ) and stand density (R 2 = 0.26, n = 36, P = 0.0015) at the Huangling site (Figure 3c) . No significant relationships between needle longevity and stand characteristics were detected within the other four sites (Table 6 ).
Discussion
The time-specific life table technique used to determine needle longevity of individual trees is a demographic approach that is intended to describe the dynamics of an entire population. Estimated needle longevity is adjusted to the differential mortality rates of all age classes. An implicit assumption in using the time-specific life table technique to determine needle longevity is that annual foliage production remains constant from year to year, implying that foliage populations are stationary. After crown closure, annual foliage production of forest stands and individual trees stabilizes in many species (Woodwell and Whittaker 1968) . White (1979) suggested that most species reached a constant rate of annual foliage production at a stand age of around 20 years. For intensively managed commercial plantations, such as loblolly (Pinus taeda L.) and slash pine (P. elliottii Engelm. var. elliottii), stable foliage production can be reached at a stand age of 10 years (Jokela and Martin 2000) . Stand age in the current study ranged from 16 to 26 years, which should have been sufficient to satisfy the assumption of stable foliage production.
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com NEEDLE LONGEVITY VARIATION 467 Figure 1 . Relationship between needle longevity of Chinese pine stands and latitude at seven sites in Shaanxi province, northwest China (n = 55, P < 0.0001). Figure 2 . Relationship between needle longevity of Chinese pine stands and mean January temperature at seven sites in Shaanxi province, northwest China (n = 55, P < 0.0001).
Interpopulation variation in needle longevity at the regional scale
Increased needle longevity with increasing latitude and elevation has been reported for many species (Reich et al. 1996 and references therein). Chinese pine needle longevity increased with increasing latitude (Figure 1 ), but not with increasing elevation. The relationship between needle longevity and elevation varies among species. A positive relationship has been reported more often (Ewers and Schmid 1981 , Schoettle 1990 , Lowman 1992 , Kajimoto 1993 than no relationship (Diemer et al. 1992 , Karlsson 1992 . It is possible that Chinese pine needle longevity did not show an elevation pattern because of the large variation in geographic features (including elevation) among sites at similar latitude (Table 1, Zhang 1990 ). Climatic variability greatly contributed to variation in needle longevity at the regional scale. The increase in leaf longevity with latitude may buffer against more harsh and windy ambient environments, because the field sites became colder in winter and drier in spring with increasing latitude. Leaf longevity tends to decrease with increasing temperature (Garnier and Roy 1988 , Kajimoto 1993 , Yosie and Fukuda 1994 . Sandquist and Ehleringer (1998) reported extended leaf longevity for Encelia farinosa A. Gray, a drought-tolerant shrub, at the driest site along a precipitation gradient. The trade-off among water consumption, photosynthesis, and leaf longevity was considered to maximize carbon gain for E. farinosa along the precipitation gradient. In this study, mean January temperature was more closely associated with needle longevity than any other variable at the regional scale. However, annual precipitation, annual evaporation and annual solar radiation all had significant relationships with needle longevity (Table 5 ), indicating that variation in needle longevity across regions is most likely a result of adaptation to the ambient environment.
Several stand characteristics (e.g., age, mean DBH and height) also showed strong negative relationships with needle longevity (Table 5) . Other studies have shown that many exogenous and endogenous factors influence leaf longevity, by inducing or inhibiting the initiation and progression of leaf senescence. Internal factors influencing leaf longevity include reproduction, growth regulators and physical constraints, whereas external factors include light, temperature, pathogens, and water and nutrient relations (reviewed by Thomas and Stoddart 1980, Smart 1994) . Some of these factors reduce longevity (e.g., high temperature, ethylene), whereas others increase longevity (e.g., lower or moderate solar irradiance, cytokinins). For example, in some species light accelerates senescence at high irradiances and retards it at low and moderate irradiances (Noodén et al. 1996) . The negative relationship between needle longevity and tree growth status (e.g., DBH, 468 XIAO TREE PHYSIOLOGY VOLUME 23, 2003 Figure 3 . Relationships between needle longevity of Chinese pine stands in Shaanxi province, northwest China and (a) total tree height at Zhidan (n = 31, P < 0.0001), (b) tree age at Huanglong (n = 31, P < 0.0001) and (c) stand density at Huangling (n = 36, P = 0.0015).
height) showed that small trees grown in competition tended to have greater leaf longevity than well-lit, large trees in stands. Variation in leaf longevity is a complex phenomenon, involving interactions with many internal and external factors.
Intrapopulation variation in needle longevity at the stand scale
Soil nutrient and water availability, stand history, competition status and growth factors may account for the intraspecific variation in needle longevity at the stand scale when climate is relatively uniform within an area. For example, total tree height, age and stand density were significantly correlated with needle longevity at Zhidan, Huanglong and Huangling, respectively (Figure 3) . Needle longevity at these three sites, which are located in the same climatic zone (dry temperate) and have similar soil characteristics (Xiao 1990) , was more closely associated with stand characteristics than at other sites where different variables may have played an important role in intraspecific variation in needle longevity. For instance, soil fertility can have a large influence on leaf longevity (Reader 1980 , Shaver 1981 , 1983 , Gower et al. 1993a , Bargali and Singh 1994 , and could also be important in affecting Chinese pine needle longevity at other sites. Differences in microsite environments appear to be the major force driving intraspecific variation of individual tree needle longevity in a forest stand. Effects of growth stage and microsite variation on needle longevity were examined by studying the significant relationships between needle longevity and stand characteristics. Needle longevity tended to increase with tree age at Huanglong (Figure 3b ). A similar relationship was reported in Abies balsamea L. stands (Fleming and Piene 1992) . A decrease in needle longevity with tree height and an increase with stand density were observed at Zhidan and Huangling, respectively (Figures 3a and 3c) . At both sites, needle longevity was generally greater for trees grown in shade than in sun. Although Seiwa (1999) reported the opposite relationship between needle longevity and light conditions in Ulmus davidiana Planch. var. japonica (Rehd.) Nakai, most studies have shown extended needle longevity to be associated with shade conditions (Lowman 1992 , Suehiro and Kameyama 1992 , Ackerly and Bazzaz 1995 , Miyaji et al. 1997 , Niinemets 1997 . According to one model relating leaf growth and senescence to acclimation, leaf longevity increases with irradiance, though in general the opposite is true (Thornley 1991) . Given the enormous differences in growth habits among species, both interspecific and intraspecific variations in leaf longevity are likely an acclimation to macro-and microenvironments to achieve optimum fitness to ambient conditions.
Needle longevity and growth
Needle mortality rates varied greatly among sites and decreased from southern toward northern regions for currentyear needles. For instance, as current-year needles reached 1 year of age, about 42% fell at Ningshan, whereas only 24% fell at Shenmu (Table 4) . Needle mortality showed variable patterns with age among sites because the different ambient conditions resulted in distinctive foliage dynamics that exerted a major impact on needle longevity. Leaf life span is also closely correlated with leaf N concentrations and net photosynthesis among functionally distinctive species globally (Reich et al. 1997) .
A suite of parameters presented in the life table provided a detailed demographic profile of the entire foliage population among regions. Because foliage amount and dynamics are closely associated with stand productivity, information from the table may give insight into potential growth performance of stands. For example, the high age-specific needle mortality and unusually short needle longevity at Huangling did not follow the latitudinal pattern observed at the other sites (Figure 1) . The large (57%) current-year foliage loss in the first year probably contributed to the low annual net primary production (ANPP) and LAI of stands at this site (Table 4) , which ranked the second lowest in ANPP and LAI among all sites, higher only than Shenmu, the northernmost site in the vicinity of desert (Table 7) .
Needle longevity greatly influences the fitness of a population to ambient conditions. It is acclimated to the growing conditions of individual trees and may be involved in co-adaptation to growth of other plant components. For example, biomass allocation to different components followed a general geographic pattern (Table 7) . Individual tree needle longevity TREE PHYSIOLOGY ONLINE at http://heronpublishing.com NEEDLE LONGEVITY VARIATION 469 was negatively correlated to biomass allocation to stem (r = -0.36, P < 0.0001, n = 276), but positively correlated to biomass allocation to foliage (r = 0.59, P < 0.0001) across sites. Relationships between needle longevity and biomass allocation to branches and roots were not significant. This may be indirect evidence of the cost-benefit hypothesis of intraspecific leaf longevity variation at the individual tree level (Williams et al. 1989, Kikuzawa and Ackerly 1999) , i.e., increased dry matter allocation to foliage leads to extended needle longevity.
Because the trees at each field site were grown from seed collected from local Chinese pine mother trees in the late 1950s and early 1960s, the observed variation in needle longevity along the latitudinal gradient may reflect a phenotypic response to both environment and stand growing conditions. Separation of relative genetic control and environmental influence from phenotypic response to ambient conditions in needle longevity requires genetic experiments that can determine the magnitude of the genetic variation among different populations within a species. Like most life history properties, however, variation in needle longevity within a species probably is determined environmentally rather than genetically.
